The testis-specific protein, Y-linked 1 (TSPY1), a newly recognized cancer/testis antigen, has been suggested to accelerate tumor progression. However, the mechanisms underlying TSPY1 cancer-related function remain limited. By mining the RNA sequencing data of lung and liver tumors from The Cancer Genome Atlas, we found frequent ectopic expression of TSPY1 in lung adenocarcinoma (LUAD) and liver hepatocellular carcinoma (LIHC), and the male-specific protein was associated with higher mortality rate and worse overall survival in patients with LUAD and LIHC.
Overexpression of TSPY1 promotes cell proliferation, invasiveness, and cycle transition and inhibits apoptosis, whereas TSPY1 knockdown has the opposite effects on these cancer cell phenotypes. Transcriptomic analysis revealed the involvement of TSPY1 in PI3K/AKT and RAS signaling pathways in both LUAD and LIHC cells, which was further confirmed by the increase in the levels of phosphorylated proteins in the PI3K-AKT and RAS signaling pathways in TSPY1-overexpressing cancer cells, and by the suppression on the activity of these two pathways in TSPY1-knockdown cells.
Further investigation identified that TSPY1 could directly bind to the promoter of insulin growth factor binding protein 3 (IGFBP3) to inhibit IGFBP3 expression and that downregulation of IGFBP3 increased the activity of PI3K/AKT/mTOR/BCL2 and RAS/RAF/MEK/ERK/JUN signaling in LUAD and LIHC cells. Taken together, the observations reveal a novel mechanism by which TSPY1 could contribute to the progression of LUAD and LIHC. Our finding is of importance for evaluating the potential of TSPY1 in immunotherapy of male tumor patients with TSPY1 expression.
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| INTRODUC TI ON
TSPY1 (testis-specific protein, Y-linked 1) is located in the malespecific region of the Y chromosome (MSY), 1 representing the largest and most homogenous protein-coding tandem array in the human genome. 1, 2 Previous studies have revealed that TSPY1, a testis-specific protein, is predominantly expressed in mature spermatogonia and serves physiological functions in the proliferation and differentiation of spermatogonia during spermatogenesis. 3, 4 Remarkably, TSPY1 is also involved in the initiation and development of many tumors. TSPY1 is the only MSY gene that is definitely related to a specific tumor, gonadoblastoma. [5] [6] [7] Additionally, TSPY1 is overexpressed in the majority of evaluated testicular germ cell tumors, 8 and ectopically activated in various somatic cancers, including hepatocellular carcinoma, melanoma, and prostate cancer. [9] [10] [11] All of this evidence supports an oncogenic role of TSPY1 in germ cell and somatic tumors.
The predominant TSPY1 isoform is a 38-kDa phosphoprotein that harbors a highly conserved SET/NAP domain. 3 Its homology to other proteins of the SET/NAP superfamily might suggest the functional diversity of TSPY1, including nucleosome assembly, transcription modulation, DNA replication, cell cycle control, and cell proliferation. [12] [13] [14] To date, studies have evaluated several molecular mechanisms of this cancer-testis (CT) protein functions. For example, TSPY1 potentiates cell proliferation and promotes a rapid transition from G 2 to M phase through binding to cyclin B1 and enhancing the kinase activity of cyclin B1/cyclin-dependent kinase 1 complex. 15, 16 It increases protein synthesis and gene transcription through interacting with the eukaryotic translation elongation factor 1A, 17 and exacerbates the transactivation of endogenous androgen receptor and activates a number of growth-related and oncogenic canonical pathways. 18 Recently, we reported that TSPY1 promotes cell proliferation through suppressing the ubiquitin-specific peptidase 7-mediated p53 function. 19 All these accumulating findings improve our knowledge of the mechanism underlying TSPY1 functions under physiological or pathological conditions. However, our understanding of the clinical significance of TSPY1 in the progression of the tumors is still limited. Also, it is unknown whether there are some common mechanisms underlying TSPY1 oncogenic functions in different kinds of tumor. It is of importance to explore these issues for evaluating the potential of the CT antigen as a tumor immunotherapy target.
Lung and liver cancers are now the leading cancer killer worldwide.
In the present study, the correlations between the expression pattern of TSPY1 and the clinical consequences in patients with lung or liver tumors were explored by mining the datasets of TCGA. Transcriptomic analysis was carried out to systematically investigate the TSPY1-influenced signaling pathways and hub genes in lung and liver tumor cells. With this work, we observed higher mortality and worse overall survival in patients with TSPY1-expressed LUAD and LIHC relative to those with TSPY1-negative LUAD and LIHC. Importantly, we revealed that TSPY1 could activate PI3K/AKT and RAS signaling through inhibiting the transcription of IGFBP3. Our findings disclosed a novel mechanism underlying the promotion of cell proliferation, cell cycletransition, invasiveness, and the inhibition of cell apoptosis by TSPY1 during tumor progression. 
| MATERIAL S AND ME THODS

| Transcriptomic analysis of TSPY1-overexpressing cells
Total RNA was isolated from TSPY1-overexpressing A549 and HepG2 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
After determining the quality and concentration using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), 
| Reverse transcription and RT-qPCR
Total RNAs from cells were reverse transcribed into cDNAs using Table S1 .
| Western blot analysis
Cells were harvested in lysis buffer (Bioteke, Beijing, China) with a protease inhibitor cocktail (Roche, Basel, Switzerland). Protein concentrations were determined using a BCA protein assay kit (Bioteke), and equal amounts of protein were loaded into SDS-PAGE for western blotting. Antibodies used in this study are presented in Table S2 .
| Plasmid construction
The full-length cDNA encoding FLAG-tagged TSPY1 was synthesized and cloned into pcDNA3.1 (+) vector (Invitrogen) and pLVX-IRES-ZsGreen1 vector (Clontech, Mountain View, CA, USA). Six IGFBP3 promoter fragments with different lengths (Table S1) were synthesized by RiboBio (Guangzhou, China). Their target sequences are listed in Table S1 . were transfected into 293T cells using a jetPRIME transfection kit (Polyplus, Illkirch, France). After 48 hours, viral supernatants were collected, centrifuged, and filtered through 0.45-μm PVDF membranes. Then the viral supernatants were used to infect cells. After 72 hours, RT-qPCRs and western blot assays were undertaken to detect the expression levels of TSPY1 and IGFBP3. Additionally, the lentivirus-infected cell clones of TSPY1-overexpressing or -knockdown and IGFBP3-knockdown cells were selected using puromycin. The siRNAs were transfected into the cells using a jetPRIME transfection kit (Polyplus). At 48 hours after transfection, total proteins were extracted from the cells for western blot assays.
| Cell culture and lentivirus infection
| Dual-luciferase reporter assays
A Dual-Luciferase Reporter Assay kit (Promega) was used for detection of luciferase activity. In brief, 6 plasmids, pGL3-P1, pGL3-P2, pGL3-P3, pGL3-P4, pGL3-P5, and pGL3-P6, were separately cotransfected with FLAG-TSPY1 or the negative control pcDNA3.1-FLAG plasmids into 293T cells. After 48 hours, the luciferase activity of cell lysates was detected according to the manufacturer's protocols.
| Chromatin immunoprecipitation assays
Chromatin immunoprecipitation assays were carried out using a Magna ChIP kit (Millipore, Temecula, CA, USA) according to the manufacturer's protocols. Briefly, cells were fixed with 1% formaldehyde for 10 minutes, and cell lysates were sheared by sonication in 1% SDS lysis buffer to generate chromatin fragments. Then 1% of the optimally sheared chromatin was retained as a positive control "input DNA" in the subsequent PCRs. The remaining chromatin was immunoprecipitated with 2 μg anti-FLAG Abs specific to FLAG-TSPY1. Antibody-protein-DNA complexes were precipitated with protein A/G magnetic beads. The DNA eluted and purified was subjected to PCR using primers specific for the target regions of the IGFBP3 promoter. The primers for PCR are listed in Table S1 .
Immunoglobulin G was used as a negative control.
| Cell proliferation and colony formation assays
The cell proliferation rate was measured with the CCK-8 (Beyotime, Shanghai, China) according to the manufacturer's instructions.
Briefly, cells were seeded into 96-well plates at a density of 3000 cells per well. At indicated time points, CCK-8 solution was added to each well. After 2 hours of incubation at 37°C, 5% CO 2 , the absorbance of each well was measured at 450 nm using a microplate reader. Each group was measured in triplicate. The relative proliferation was determined as a fold change that was calculated using the absorbance of each well. The results were normalized by the value of a control.
For the colony formation assay, 300 cells were plated into 6-well plates and incubated for 2 weeks. Colonies were then fixed with methanol and stained with crystal violet solution when the colonies were sufficiently large for visualization. The stained colonies were counted and photographed. Each group was tested independently in triplicate.
| Cell cycle and apoptosis assays
For the cell cycle assay, cells were resuspended and fixed with 70% 
| Cell invasion assay
Cells were cultured in serum-free medium for 24 hours and plated into upper Transwell filter chambers coated with Matrigel (Corning, Corning, NY, USA). Medium with 10% FBS was added to the lower chamber as a chemoattractant to drive cell movement and incubated for 12 hours.
Invaded cells on the undersides of the membrane were fixed with methanol and stained with crystal violet. Cells were photographed and counted under a microscope. Each assay was carried out in triplicate.
| Statistical analysis
Student's t test was used to compare the experimental groups with SPSS software (version 17.0; IBM, Chicago, IL, USA). Numerical data were reported as the mean ± SD. P < .05 was considered statistically significant.
| RE SULTS
| Ectopic expression of TSPY1 significantly affects the mortality rate and overall survival of patients with LUAD and LIHC
After extracting the RNA sequencing data from TCGA, we analyzed the TSPY1 expression profile in different kinds of lung and liver tumors, each of which contained more than 50 samples with relevant clinical information. Our results showed frequent ectopic expression of TSPY1 mRNA in lung squamous cell carcinoma, LUAD, and LIHC ( Figure S1A ). For exploring the clinical significance of TSPY1 in tumor progression, we further investigated the effect of TSPY1 expression on mortality rate and overall survival. Significantly, results
showed a higher mortality rate in the patients with TSPY1-positive LIHC relative to those with TSPY1-negative LIHC ( Figure S1B ).
Moreover, we observed that patients with TSPY1-positive LUAD or LIHC had worse overall survival than those with TSPY1-negative tumor ( Figure 1A,B) . However, the influence of TSPY1 on overall survival was not found in lung squamous cell carcinoma ( Figure 1C ), which might have resulted from the limited number of samples.
Collectively, these findings provided evidence to suggest that the ectopic expression of TSPY1 promoted tumor progression.
| Overexpression of TSPY1 promotes proliferation, invasiveness, and cycle transition and inhibits apoptosis of cancer cells
To investigate the impact of TSPY1 during tumor progression, we Figure 2F ). Taken together, these findings suggested that TSPY1 promoted the proliferation, invasiveness, and cycle transition and inhibited the apoptosis of cancer cells, and that the 2 TSPY1-overexpressing cell lines can F I G U R E 1 Poor prognosis associated with the ectopic expression of testis-specific protein, Y-linked 1 (TSPY1) in patients with lung adenocarcinoma and liver hepatocellular carcinoma. For each tumor, the prognosis was compared between patients with and without the ectopic expression of TSPY1 in cancer tissue, in the form of a survival curve. Deterioration of overall survival was observed in patients with TSPY1-positive lung adenocarcinoma (A) and liver hepatocellular carcinoma (B) relative to TSPY1-negative (log-rank test, α = 0.05: lung adenocarcinoma, P = .0203; liver hepatocellular carcinoma, P = .0050). Such an influence was not identified in lung squamous cell carcinoma (C). HR, hazard ratio be used to explore the potential mechanism that enables TSPY1 to promote cancer progression.
| Transcriptomic analysis reveals a potential influence of TSPY1 on the function of both PI3K-AKT and RAS signaling pathways
To investigate the common mechanism by which TSPY1 contributes to the progression and cell phenotypes of LUAD and LIHC, we explored the changes of the gene expression profiles in the A549
and HepG2 cells when TSPY1 was overexpressed through RNA sequencing. The sequencing data from this study have been submitted to the NCBI short read archive portal under accession number SRP152744; raw sequence data were submitted to the NCBI Bio-project PRJNA479692. We observed that 501 genes were upregulated and 208 genes were downregulated in the TSPY1-overexpressing A549 cells, and that 117 genes were upregulated and 222 genes were downregulated in the TSPY1-overexpressing HepG2 cells ( Figure S2 ). Sixteen upregulated genes and nine downregulated genes were found in both TSPY1-overexpressing cell lines ( Figure S2 ). Then, we undertook GO classification to functionally annotate the DEGs. We obtained a total of 294 and 289 GO In addition, we undertook a protein-protein interaction network analysis to identify the most significant DEG "hub genes" whose expression is regulated by TSPY1 during tumor progression JUN and BCL2 were detected to have the highest degree of connectivity in the network that we constructed using the selected 13 hub genes ( Figure 4E ). Given that BCL2 and JUN are important downstream molecules of PI3K/AKT and RAS signaling pathways, respectively, 20, 21 we postulated that TSPY1 increased the expression of BCL2 and JUN through upregulating the activities of these pathways.
| Overexpression of TSPY1 promotes activation of PI3K/AKT/mTOR/BCL2 and RAS/RAF/ MEK/ERK/JUN signaling pathways
To validate the influence of TSPY1 on PI3K/AKT and RAS signaling pathways, we analyzed the relevant protein level changes in the TSPY1-overexpressing A549 and HepG2 cells (Figures 5 and S5 ). As shown in Figure 5A , we observed that the phosphorylated proteins p-AKT and p-mTOR in the PI3K-AKT signaling pathway were significantly increased in both TSPY1-overexpressing A549 and HepG2 cells and that the upregulation of BCL2 protein was also verified.
In addition, we found that TSPY1 contributed to the upregulation of p-RAF1, p-MEK1/2, and p-ERK1/2 in the RAS signaling pathway in both A549 and HepG2 cells and that the JUN protein level was consequently increased (Figures 5B and S5 ). Considering the significance of PI3K/AKT/mTOR/BCL2 and RAS/RAF/MEK/ERK/ JUN signaling pathways in cell proliferation, cycle, invasiveness, and apoptosis, [22] [23] [24] [25] [26] we propose that TSPY1 affects cell biological phenotypes probably through a cross-talk network that involves the molecules with functional regulation of both PI3K/AKT and RAS signaling pathways.
| Inhibition of IGFBP3 expression might be a potential way of TSPY1 promoting the activation of PI3K/AKT and RAS signaling pathways
Among the network containing 13 hub genes, we found that IGFBP3 and RUNX2 closely connected with BCL2 and JUN ( Figure 4E ). Considering that the downregulation of IGFBP3 and activates PI3K/AKT and MAPK signaling. 28 In addition, a previous report has shown that ectopic TSPY1 activation and low IGFBP3 expression were presented simultaneously in many hepatocellular carcinoma cases. 9 Thus, we hypothesized that TSPY1 suppressed IGFBP3 expression, which resulted in promoted activity of PI3K/ AKT and RAS signaling pathways.
To verify this hypothesis, we first confirmed the suppression of TSPY1 on the IGFBP3 protein level in A549 and HepG2 cells 
| Transcriptional activity of IGFBP3 suppressed by TSPY1 directly binding to the promoter of IGFBP3
To investigate whether TSPY1 directly binds to the promoter of IGFBP3 to regulate its transcription, we constructed 6 luciferase reporter vectors containing the promoter fragments different in sizes 
| Knockdown of TSPY1 presents an opposite effect on the biological phenotypes and the activity of PI3K/AKT and RAS signaling pathways in both LCLC-103H and MHCC97H cells
Considering that TSPY1 is less expressed in both A549 and HepG2 cells, we checked the effect on the cell phenotypes when the TSPY1 level was downregulated in lung carcinoma cell line LCLC-103H and liver hepatocellular carcinoma cell line MHCC97H in which cells TSPY1 is constitutively expressed ( Figure 8A ). As expected, the cell proliferation and invasiveness were clearly inhibited ( Figure 8B-D) , the transition from G 2 to M phase was obstructed ( Figure 8E ), and apoptosis was accelerated ( Figure 8F 
| D ISCUSS I ON
The ectopic activation of TSPY1 is frequently observed in various somatic cancers, and some potential mechanisms associated with the involvement of TSPY1 in tumor progression have been reported. [15] [16] [17] [18] [19] In the present study, we presented a novel mechanism underlying the promotion of TSPY1 on IGFBP3-mediated tumor progression ( Figure 10 ). We identified that TSPY1 promoted the activa- [22] [23] [24] [25] [26] and recent reports show that deregulated activation of the 2 signalings is frequently observed in many cancers. [29] [30] [31] Therefore, our findings provided a potential common mechanism of TSPY1's function as an oncogene in the tumor process.
Previous studies have shown that IGFBP3, a tumor suppressor, inhibits cell proliferation, promotes apoptosis, and reduces growth in various cancers, including prostate cancer, 32 colorectal cancer, 33 breast cancer, 34 and ovarian endometrioid carcinoma. 35 Recent reports also showed that the low levels of IGFBP3 were correlated with poor prognosis for patients with hepatocellular carcinoma 36 and that Igfbp3-null mice experienced increased lung tumor burden. 37 These observations strongly suggest the significance of IGFBP3 in tumorigenesis. In the present study, we found the inhibitory effect of TSPY1 on IGFBP3 transcriptional activity by binding to IGFBP3
promoter and the following activation of PI3K/AKT and RAS signaling pathways. These findings provide evidence that TSPY1 is an upstream modulator of IGFBP3 and the ectopic activation of TSPY1 disrupts the suppressing ability of IGFBP3 on tumor progression.
Considered a transcription regulator, TSPY1 was found to upregulate its transcriptional activity by binding to the exon-1 of its own gene. 38 It also promotes the transcription of its homologous gene TSPYL5 by binding to the TSPYL5 promoter. 19 Surprisingly, in this study, we found that TSPY1 had a negative effect on the transcription of IGFBP3, indicating that the transactivating ability of TSPY1 depends on the availability of other specific cofactors. Similarly, Bmyb, another transcriptional factor, also possesses dual characters in the transcription regulation activities of repression and activation. 39, 40 A recent report also showed that B-myb, like TSPY1, suppressed the IGFBP3 expression and upregulated the proliferation and migration of non-small-cell lung cancer cells. 41 Given that SET and NAP1 family proteins play multiple functions, such as histone chaperones, 42 the transcriptional regulation ability of enhancer or suppressor might depend on additional regulatory factors that can generate a transcriptional complex with TSPY1. However, these transcriptional complexes containing TSPY1 need to be verified in future investigations.
Sex disparities in incidence and progression are frequently identified in various human diseases. 43 The risk of greater incidence, higher mortality rate, and lower survival are observed in male patients relative to female patients for 32 of 36 cancer types studied. 44, 45 The mechanisms responsible for the gender differences in cancer development and prognosis remain largely unknown. The most significant genetic trait of men is genes on their Y chromosome, which could provide a reason for such male preference in cancer. A recent study has revealed that the loss of the Y chromosome in the peripheral blood is closely associated with shorter survival and higher incidence risk of cancer in males. 46 Additionally, the ectopic expression of MSY-linked genes, including TSPY1, RBMY, and VCY, was observed in various male-biased somatic cancers, particularly in liver and lung cancer. 9, [47] [48] [49] These observations suggest that the Y chromosome might be involved in the development, progression, and outcomes of cancers in a male-specific manner.
In the current study, we confirmed that the ectopic expression of TSPY1 was associated with higher mortality and worse overall survival probability in male patients with LUAD or LIHC, which further provided evidence to suggest that TSPY1 might contribute to the sex disparities in some cancers, particularly LUAD and LIHC. immunotherapy of male patients with cancers. In the present study, we observed that TSPY1 was frequently ectopically activated in different male somatic tumor specimens and identified a significant correlation between TSPY1 activation, higher mortality, and worse overall survival probability in male patients with LUAD or LIHC.
The clinical findings, together with the potential of TSPY1 in cell proliferation, cell invasion, cell cycle transition, and cell apoptosis, suggest that TSPY1 acting as a CT antigen could be a target for diagnosis and immunotherapy in male patients with some cancers.
In conclusion, we presented a comprehensive set of clinical and experimental evidence establishing TSPY1 as an oncogenic factor that facilitates tumor progression and causes poor prognosis in male patients with LUAD or LIHC. Our findings revealed that TSPY1 strongly promotes the activation of the PI3K/AKT and RAS signaling pathways through suppressing IGFBP3 gene transcription, providing a novel explanation for the contribution of TSPY1 to tumor progression.
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